Abstract This study aimed to evaluate the impact of var-
Introduction
Long chain polyunsaturated fatty acids (PUFAs), such as eicosapentaenoic acid (EPA, C20:5n-3) and docosahexaenoic acid (DHA, C22:6n-3), naturally exist in large quantities in seafood (Barrento et al. 2010) . The human body is unable to synthesize n-3 PUFAs, therefore, these compounds must be provided only through food consumption (Ghomi et al. 2012) . Several studies have shown that the presence of PUFAs in the diet can greatly reduce the risk of diseases such as brain ageing, cardiovascular and Alzheimer's diseases, prostate and breast cancers (Connor 2000; Pirestani et al. 2010) . Therefore, in recent years, the attention of consumers to use those food sources that contain high amounts of PUFAs, such as fish oil, is growing.
Kilka is a common name used for the fish belonging to the clupeids in the Caspian Sea. Common kilka (Clupeonella cultriventris caspia), anchovy kilka (C. engrauli formis), and bigeye kilka (C. grimmi) are three species of Kilka that have been identified in the Caspian Sea (Fazli et al. 2009) . It has been shown that the average value of omega-3 fatty acids and PUFAs in common Kilka oil can be more than 16 and 19%, respectively (Pirestani et al. 2010) . One of the important parameters about the benefits of fish oil consumption on human health is that the ratio between omega-3 and omega-6 in this category of oils is from 1 to 5 (Osman et al. 2001) , while, the value of this ratio about common Kilka oil can be more than 6 (Pirestani et al. 2010) . Also, among the oils obtained from commercially important fish species from south Caspian Sea, the common Kilka oil has the maximum proportion of EPA ? DHA to C16:0 (polyene index) (Pirestani et al. 2010) .
The most common technique to extract the oil from the fish is wet reduction (Chantachum et al. 2000) . Generally, in laboratory scale and to conduct scientific research, organic solvents are broadly used to extract oil from different sources, but, this method for fish oil extraction is not suitable on an industrial scale (Adeniyi and Bawa 2006) . Enzymatic extraction, especially with the use of proteases, is another process to extract the fish oil (Linder et al. 2005) . Although the costs associated with this process is high, but, several researches have shown that by controlling of the some factors, this technique is feasible (Nascimento et al. 2008; Soto et al. 2007; Zhang et al. 2012) . In recent years, several studies have been done in the field of application of SFE technique to achieve the fish oil from by-products (Letisse et al. 2006; Rubio-Rodríguez et al. 2008) . Despite the high yield of oil extraction in this technique, necessity of using high pressure equipment and freeze drying of raw materials are the most important constraints on the use of SFE on an industrial scale (Rubio-Rodríguez et al. 2012) . The objective of the present investigation was to evaluate the impacts of various oil extraction techniques on the color and oxidative quality, fatty acid profile and oxidative stability of common Kilka oil.
Materials and methods

Materials
The experimental fish, common Kilka (Clupeonella cultriventris caspia) (weight: 60 ± 5 g, length: 10 ± 2 cm), were purchased in October 2015 from special Kilka fishing boats in Bandar-e Anzali harbor, Gilan Province, north of Iran. On boat, the fish were beheaded, eviscerated, washed and then transported to the laboratory in ice boxes [2:1 (w/ w), ice to fish]. In the laboratory, the fish edible parts (muscle tissue) were cut into very small pieces (1-8 mm in diameter) which were used for further analysis. The enzyme (food grade neutral protease from Bacillus licheniformis) was obtained from Novozyme (Bagsvaerd, Denmark). All chemicals and solvents used in this study were of analytical grade and provided by Sigma (USA) and Merck (Germany).
Methods
Wet reduction extraction
The wet reduction extraction technique was carried out according to the method described by Rubio-Rodríguez et al. (2012) with some modifications. A fish sample (100 g) was mixed with 150 mL of water in a 1000-mL glass bottle and cooked in a water bath at 70°C for 2 h. During the cooking process, the sample was stirred every 15 min. Then, the sample was transferred to a cloth bag and pressed mechanically. The obtained liquid was filtrated with a Buchner funnel with filter paper. Ultimately, the oil phase was separated using a centrifuge (EBA21 Hettich, Germany) at 27729g for 15 min at 15°C.
Ammonia extraction
The ammonia extraction technique was carried out according to the method described by Hao et al. (2013) with some modifications. Initially, a fish sample (100 g) was mixed with water (150 ml) and heated in a water bath to 50°C. Then, the mixture pH was set in the range of 8-9 by adding ammonia (12.5%) and heated to 90°C for 40 min. In the following, the mixture was cooled to room temperature and then ammonium carbonate (6%) was added. After 15 min, the mixture was centrifuged to obtain the oil phase.
Enzymatic extraction
The enzymatic extraction technique was carried out according to the method described by Rubio-Rodríguez et al. (2012) with some modifications. A fish sample (100 g) was mixed with water (150 mL) and neutral protease (500 mg) in a 1000-mL glass bottle and then placed in a bain-marie shaker (OLS 200 Grant, UK) at 40°C for 2 h. In the final step, different phases of the mixture was separated by centrifugation at 27729g for 15 min at 15°C in order to obtain the oil phase.
Supercritical fluid extraction (SFE)
The SFE extraction technique was carried out in a semipilot SFE plant according to the method described by Vaquero et al. (2006) with some modifications. Common components of an SFE plant with solvent recycling were set up, i.e. pump, extractor, separator, heating and cooling systems, pressure dampers, rupture disks, controlling and measuring equipments.
At first, a fish sample was frozen dried at -55°C (Alpha 1-2 LD, Christ, Germany). In the following, 100 g of freeze dried fish sample was put into the extractor and then, carbon dioxide (Carburos Metálicos, liquid CO 2 C 99.9%) was circulated with a flow rate of 10 kg CO 2 /h under the pressure of 25 MPa at 40°C for 60 min. In the separator, carbon dioxide was removed from the extracted section by reducing the pressure to 5.2 MPa.
Definition of the extraction yield
In all extraction techniques, the yield of oil extraction was determined based on the procedure reported by Sahena et al. (2010) and expressed as the percentage of extracted oil compared to the total oil content in the sample.
Measurement of oil color
The color of common Kilka oil samples were determined according to the AOCS Official Method Cc13e-92 (AOCS 2009). For this purpose, the colorimeter (Lovibond Tintometer, Model F, UK) was used and results were expressed on the basis of yellow and red color units.
Analysis of oil fatty acids composition
The common Kilka oil fatty acids profile were determined by gas chromatography after conversion of oil to their methyl esters (FAME) using the standard method of boron trifluoride-methanol (BF3) (Moss et al. 1974) . A 1 lL of FAME sample was injected into a gas chromatograph (Hewlett-Packard 6890 Series gas chromatograph, H.P. G1530A, USA) equipped with a flame ionization detector (FID) and a polar capillary column (SP 2560) with an internal diameter of 0.32 mm, length of 100 m and film thickness of 0.25 lm (Suppelco, USA). The carrier gas was helium, and the split ratio was 1:20. Injector and detector temperatures were set at 240 and 270°C, respectively. The column temperature was programmed starting at a constant temperature of 160°C for 5 min, heated to 180°C at 20°C/min, held at 180°C for 10 min, heated again to 200°C at 1°C/min, held at 200°C for 1 min, heated again to 230°C at 30°C/min and finally held at 230°C for 5 min. 1 mL of hexane containing 0.5 mg of heptadecanoic acid was used as an internal standard. The FAME peaks were identified by comparing their retention time with those of chromatographic standards in order to identify and quantify the individual fatty acid. The Clarity TM Data Apex software (Prague, Czech Republic) was used to analyze peak position and area.
Analysis of oil stability
In this study, after oil extraction by any of the techniques, oil samples were stored in dark glass bottles at 4°C for 90 days. Acid, peroxide and thiobarbituric acid values of oil samples were measured at different time intervals (on days 0, 15, 30, 60 and 90) to analyze the stability of oil during storage time.
Acid value (AV)
The AV was calculated according to the AOCS Official Method Cd 3d-63 (AOCS 2009). For this purpose, initially, a fish oil sample (5 g) was dissolved in toluene-isopropyl alcohol solution (1:1 v/v, 50 mL). Then, the obtained solution was titrated with standard solution of potassium hydroxide in isopropyl alcohol (0.1 M) in the presence of phenolphthalein as the indicator.
Peroxide value (PV)
The PV was calculated according to the AOCS Official Method Cd 8-53 (AOCS 2009). For this purpose, a fish oil sample (5 g) was dissolved in a solution of acetic acidchloroform (3:2 v/v, 30 mL) and then saturated potassium iodide solution (0.5 mL) was added. The resulting solution was placed in the dark at room temperature for 1 min. Then, distilled water (30 mL) was added. In the next step, the reaction solution was titrated with sodium thiosulphate (0.1 N) to a pale yellow, then, the starch indictor (2 mL) was added and titration process was continued until reaching the endpoint of colorless.
Thiobarbituric acid (TBA) value
The TBA value was calculated according to the AOCS Official Method Cd 19-90 (AOCS 2009). For this purpose, a 5 mL aliquot of fish oil sample (200 mg) solution in 25 mL 1-butanol with 5 mL TBA reagent was heated in a water bath at 95°C for 2 h and then cooled at room temperature. The TBA value was determined through reading the absorbance at 532 nm (UV 2100, UNICO, USA) against a blank and using reference cuvette.
Statistical analysis
All results of three independent experiments were expressed as the mean ± standard deviation (SD). The data were analyzed by analysis of variance (ANOVA) and the Duncan's test for the 5% significance level. Each of which were done with the SPSS software, Version 21 (IBM, New York, USA).
Results and discussion
Oil extraction yield and oxidative quality Fish protein matrix is linked with fatty tissue. Wet reduction technique was reported to be suitable for extracting oil from fish with high oil content (Rubio-Rodríguez et al. 2008 ). According to Table 1, ammonia and wet reduction techniques had a low efficiency in the extraction of oil from common Kilka muscle.
It seems that although cooking stage was led to denaturation of the protein matrix, but, rearrangement and creation of special structures by denatured protein molecules in cooking stage and also, the effects of emulsifying properties of proteins in the centrifugation stage (RubioRodríguez et al. 2012 ) hindered the release of oil phase in ammonia and wet reduction methods. In the enzymatic technique compared with the above two oil extraction techniques, the relative increase in the yield of oil extraction can be attributed to the hydrolysis of the protein matrix by proteases. The results of this study showed that the use of SFE technique for extracting oil from common Kilka not only had the highest yield (96.94%) but also the resulting oil had the highest oxidative quality [lowest AV(0.68 mg KOH/g oil) and PV(2.62 meq O 2 /kg oil)] (Table 2) . These were in accordance with the results reported by RubioRodríguez et al. (2008) on the extraction of oil from hake (Merluccius capensis-Merluccius paradoxus) by-products by SFE method. Sahena et al. (2010) had reached up to 98.5% yield on the extraction of oil from Indian mackerel skin by SFE technique. One of the reasons for the higher oil extraction yield in SFE technique may be a significant reduction in raw material moisture content during the freeze-drying process. King et al. (1989) reported that the yield of fat extraction from meat products in SFE method increased significantly by dehydration before the extraction process. Dunford et al. (1998) found that water content in the raw material had a considerable effect on oil solubility in supercritical CO 2 , so that, with reducing of moisture content, the solubility of the oil phase and therefore the yield of oil extraction was increased.
Lack of oxygen and applying a relatively mild heat during the extraction of oil leads to a reduction in the rate of oxidation of the resulting oil by the SFE technique, meanwhile, in this technique, a high level of contact between carbon dioxide and the oil phase causes the lowering of the interaction of water and oil molecules relative to each other (Letisse et al. 2006) . Consequently, these factors increased extraction yield and oxidative quality of the oil obtained by SFE than other three oil extraction techniques.
Oil color quality
Oils color is one of the most important parameters affecting the cost of manufacturing of these products. Because, in order to obtain the oil with acceptable color quality, high costs should be spent to increase the efficiency of the production process (Noriega-Rodríguez et al. 2010) . In this study, Lovibond values for yellowness of oil samples were in the range of 6.37-6.94, whilst redness varied from 5.22 to 5.98 (p [ 0.05) . In terms of yellowness, the oil extracted from the SFE had lowest value and there was no significant difference (p [ 0.05) among three other procedures (Fig. 1a) , whereas the highest and lowest values of redness were obtained in the case of enzymatic and SFE methods, respectively, and there was no significant difference (p [ 0.05) between wet reduction and ammonia extraction techniques (Fig. 1b) . A higher percentage of hemoglobin degradation by enzymes and therefore, the release of greater amounts of haem pigments during oil extraction with enzymatic method may be the cause of this difference.
Fatty acids profile
The most important fatty acids detected in Kilka oil were C14:0, C16:0, C16:1n-7, C18:0, C18:1n-9, C20:5n-3 (EPA) and C22:6n-3 (DHA) ( Table 3 ) and were in accordance with results reported by Pirestani et al. (2010) .
The highest total of UFAs average (*10.33) was obtained for oil extracted by SFE compared to other extraction techniques. The major fatty acids cause such a difference were C20:5n-3 (EPA) and C22:6n-3 (DHA), considered as the main fatty acids found in fish tissue (Weber et al. 2008) . Also, the oil obtained by SFE technique had the highest average of total monounsaturated fatty acids. Meanwhile, in other three oil extraction techniques, in terms of unsaturation degree, there was no significant difference (p \ 0.05). Considering that consumption of unsaturated fatty acids are more important in terms of health than saturated fatty acids (Lawrence 2010) , therefore, the common Kilka oil extracted by SFE method had a better nutritional quality compared to other methods of oil extraction.
Oil stability
The quality of raw material, oil extraction technique and oil composition are the main parameters affecting the stability of oils during storage (Rubio-Rodríguez et al. 2012) . In this study, in general, for all common Kilka oil samples obtained by different extraction techniques, AVs were enhanced with increase of storage time (Fig. 2a) . The AV for oil extracted by SFE was minimum value compared to other techniques during the whole 90 days of storage. In the case of crude fish oils, the acceptable range of AV is 7-8 mg KOH/g oil (Boran et al. 2006) . Our results showed that, after 60 days of storage at 4°C, except for SFE technique, AVs for the common Kilka oil obtained by other three oil extraction procedures were reached to the above limit. Rubio-Rodríguez et al. (2012) found that in comparing the different techniques for extracting oil from various fish by-products, oil extracted by SFE technique had the lowest AV. On the other hand, oil samples related to ammonia extraction technique had the highest AVs during the whole storage time. It may suggest that the formation of free fatty acids resulting from triacylglycerides hydrolysis was more intense in this method.
In this research, PVs of oil samples were measured to assess their primary oxidation (Fig. 2b) . PVs, in the case of all four techniques of oil extraction, like the AV, were significantly uptrend with increase of storage time. This indicates that the rate of hydroperoxides (ROOH) decomposition process was lower than their formation rates during the entire storage time. The lowest increase in PV was observed in oil samples extracted by SFE technique. The acceptable range of PV for crude fish oils is 7-8 meq O 2 /kg oil (Boran et al. 2006) . The common Kilka oil obtained through SFE technique showed lower PV than the above limit compared to other oil extraction methods at the end of storage time. Meanwhile, in all over the storage period, the oil extracted by wet reduction extraction technique had the largest PV, probably due to more severe oxidizing conditions during the extraction of oil in this technique and thus highest level formation of ROOH than other methods.
Secondary oxidation of oil samples were evaluated by determining their TBA values in this study (Fig. 2c) . Aldehydes and ketones are the most important secondary oxidation products, which form from ROOH break down. Thiobarbituric acid reactive substances, especially malonaldehyde, will be spectrophotometrically quantifiable through the creation of colored compounds with TBA. According to Fig. 2c , like AV and PV, for all oil samples, TBA values were increased in the case of all oil extraction procedures. In entire length of storage time, oil samples obtained by wet reduction extraction and SFE techniques showed the largest and smallest TBA values, respectively, which were in agreement with the results of the evaluation of PVs.
Conclusion
With the aim of achieving the highest quality of fish oil using various extraction procedures, the SFE demonstrated to be a very efficient method for common Kilka oil. This method showed the highest extraction yield and resulted into oil with best oxidative stability, color quality and storage stability with the highest of UFAs. Furthermore, the SFE can be an effective method to increase the nutritional quality of fish oil by enhancing the amount of PUFAs content, specially EPA and DHA.
The future usage of this technique (SFE) could help in real time, the routine extraction of edible oils in research laboratories and in the food industry. 
